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Abstract
The astrophysical factor Spp(0) for the solar proton burning p + p → D + e+
+ νe is recalculated in the relativistic field theory model of the deuteron (RFMD).
We obtain Spp(0) = 4.08 × 10−25MeVb which agrees good with the recommended
value Spp(0) = 4.00 × 10−25MeVb. The amplitude of low–energy elastic proton–
proton (pp) scattering in the 1S0–state with the Coulomb repulsion contributing
to the amplitude of the solar proton burning is described in terms of the S–wave
scattering length and the effective range. This takes away the problem pointed out
by Bahcall and Kamionkowski (Nucl. Phys. A625 (1997) 893) that in the RFMD
one cannot describe low–energy elastic pp scattering with the Coulomb repulsion
in agreement with low–energy nuclear phenomenology. The cross section for the
neutrino disintegration of the deuteron νe + D → e− + p + p is calculated with
respect to Spp(0) for neutrino energies up to Eνe ≤ 10MeV. The results can be
used for the analysis of the data which will be obtained in the experiments planned
by SNO. The astrophysical factor Spep(0) for the process p + e
− + p → νe + D (or
pep–process) is calculated relative to Spp(0) in complete agreement with the result
obtained by Bahcall and May (ApJ. 155 (1969) 501).
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1 Introduction
The weak nuclear process p + p→ D + e+ + νe, the solar proton burning or proton–proton
(pp) fusion, plays an important role in Astrophysics [1,2]. It gives start for the p–p chain of
nucleosynthesis in the Sun and the main–sequence stars [1,2]. In the Standard Solar Model
(SSM) [3] the total (or bolometric) luminosity of the Sun L⊙ = (3.846± 0.008)× 1026W
is normalized to the astrophysical factor Spp(0) for pp fusion. The recommended value
Spp(0) = 4.00× 10−25MeVb [4] has been found by averaging over the results obtained in
the Potential model approach (PMA) [5,6] and the Effective Field Theory (EFT) approach
[7,8]. However, as has been shown recently in Ref.[9] the inverse and forward helioseismic
approach indicate the higher values of Spp(0) seem more favoured, for example, Spp(0) =
4.20 × 10−25MeVb and higher [9]. Of course, accounting for the experimental errors the
recommended value does not contradict the result obtained in Ref.[9].
In Refs.[10-13] we have developed a relativistic field theory model of the deuteron
(RFMD). In turn, in Ref.[14] we have suggested a modified version of the RFMD which
is not well defined due to a violation of Lorentz invariance of the effective four–nucleon
interaction describing N + N → N + N transitions. This violation has turned out to be
incompatible with a dominance of one–nucleon loop anomalies which are Lorentz covari-
ant. Thereby, the astrophysical factor Spp(0) calculated in the modified version of the
RFMD [14] and enhanced by a factor of 1.4 with respect to the recommended value [4]
is not good established. This result demands the confirmation within the original RFMD
[10–13] by using the technique expounded in Ref.[13].
As has been shown in Ref. [12] the RFMD is motivated by QCD. The deuteron ap-
pears in the nuclear phase of QCD as a neutron–proton collective excitation – a Cooper
np–pair induced by a phenomenological local four–nucleon interaction. Strong low–energy
interactions of the deuteron coupled to itself and other particles are described in terms of
one–nucleon loop exchanges. The one–nucleon loop exchanges allow to transfer nuclear
flavours from an initial to a final nuclear state by a minimal way and to take into account
contributions of nucleon–loop anomalies determined completely by one–nucleon loop di-
agrams. The dominance of contributions of nucleon–loop anomalies has been justified in
the large NC expansion, where NC is the number of quark colours [13]. Unlike the PMA
and the EFT approach the RFMD takes into account non–perturbative contributions of
high–energy (short–distance) fluctuations of virtual nucleon (N) and anti–nucleon (N¯)
fields, NN¯ fluctuations, in the form of one–nucleon loop anomalies. In accord the analy-
sis carried out in Refs.[15] nucleon–loop anomalies can be interpreted as non–perturbative
contributions of the nucleon Dirac sea. The description of one–nucleon loop anomalies
goes beyond the scope of both the PMA and the EFT approach due to the absence in
these approaches anti–nucleon degrees of freedom related to the nucleon Dirac sea. How-
ever, one should notice that in low–energy nuclear physics the nucleon Dirac sea cannot
be ignored fully [16]. For example, high–energy NN¯ fluctuations of the nucleon Dirac
sea polarized by the nuclear medium decrease the scalar nuclear density in the nuclear
interior of finite nuclei by 15% [16]. This effect has been obtained within quantum field
theoretic approaches in terms of one–nucleon loop exchanges.
In this paper we revise the value of Spp(0) obtained in Ref. [14]. For this aim we apply
the technique developed in the RFMD [13] for the description of contributions of low–
energy elastic nucleon–nucleon scattering in the 1S0–state to amplitudes of electromagnetic
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and weak nuclear processes. This technique implies the summation of an infinite series of
one–nucleon loop diagrams and the evaluation of the result of the summation in leading
order in large NC expansion [13]. The application of this method to the evaluation of the
cross sections for the anti–neutrino disintegration of the deuteron induced by charged ν¯e
+ D → e+ + n + n and neutral ν¯e + D → ν¯e + n + p weak currents gave the results
agreeing good with the experimental data. The reaction ν¯e + D → e+ + n + n is, in the
sense of charge independence of weak interaction strength, equivalent to the reaction p +
p → D + e+ + νe. Therefore, the application of the same technique to the description of
the reaction p + p → D + e+ + νe should give a result of a good confidence level.
The paper is organized as follows. In Sect. 2 we evaluate the amplitude of the solar
proton burning. We show that the contribution of low–energy elastic pp scattering in the
1S0–state with the Coulomb repulsion is described in agreement with low–energy nuclear
phenomenology in terms of the S–wave scattering length and the effective range. This
takes away the problem pointed out by Bahcall and Kamionkowski [17] that in the RFMD
one cannot describe low–energy elastic pp scattering with the Coulomb repulsion in agree-
ment with low–energy nuclear phenomenology. In Sect. 3 we evaluate the astrophysical
factor for the solar proton burning and obtain the value Spp(0) = 4.08 × 10−25MeV b
agreeing good with the recommended one Spp(0) = 4.00 × 10−25MeV b. In Sect. 4 we
evaluate the cross section for the neutrino disintegration of the deuteron νe + D → e− +
p + p caused by the charged weak current with respect to Spp(0). In Sect. 5 we adduce
the evaluation of the astrophysical factor Spep(0) of the reaction p + e
− + p → D + νe
or pep–process relative to Spp(0). In the Conclusion we discuss the obtained results.
2 Amplitude of solar proton burning and low–energy
elastic proton–proton scattering
For the description of low–energy transitions N + N → N + N in the reactions n + p →
D + γ, γ + D→ n + p, ν¯e + D→ e+ + n + n and p + p→ D + e+ + νe, where nucleons
are in the 1S0–state, we apply the effective local four–nucleon interactions [11–13]:
LNN→NNeff (x) = GπNN {[n¯(x)γµγ5pc(x)][p¯c(x)γµγ5n(x)]
+
1
2
[n¯(x)γµγ
5nc(x)][n¯c(x)γµγ5n(x)] +
1
2
[p¯(x)γµγ
5pc(x)][p¯c(x)γµγ5p(x)]
+(γµγ
5 ⊗ γµγ5 → γ5 ⊗ γ5)}, (2.1)
where n(x) and p(x) are the operators of the neutron and the proton interpolating fields,
nc(x) = Cn¯T (x) and so on, then C is a charge conjugation matrix and T is a transposition.
The effective coupling constant GπNN is defined by [11–13]
GπNN =
g2πNN
4M2π
− 2πanp
MN
= 3.27× 10−3MeV−2, (2.2)
where gπNN = 13.4 is the coupling constant of the πNN interaction, Mπ = 135MeV is
the pion mass, Mp = Mn = MN = 940MeV is the mass of the proton and the neutron
neglecting the electromagnetic mass difference, which is taken into account only for the
calculation of the phase volumes of the final states of the reactions p + p → D + e+ +
3
νe, νe + D → e− + p + p and p + e− + p → D + νe, and anp = (−23.75 ± 0.01) fm is
the S–wave scattering length of np scattering in the 1S0–state.
The effective Lagrangian for the low–energy nuclear transition p + p → D + e+ + νe
has been calculated in Ref. [12] and reads
Lpp→De+νe(x) = −igAGπNNMN
GV√
2
3gV
4π2
D†µ(x) [p¯
c(x)γ5p(x)] [ψ¯νe(x)γ
µ(1− γ5)ψe(x)]. (2.3)
where GV = GF cosϑC with GF = 1.166 × 10−11MeV−2 and ϑC are the Fermi weak
coupling constant and the Cabibbo angle cosϑC = 0.975, gA = 1.2670 ± 0.0035 [18]
and gV is a phenomenological coupling constant of the RFMD related to the electric
quadrupole moment of the deuteron QD = 0.286 fm
2 [11]: g2V = 2π
2QDM
2
N. Then, Dµ(x),
ψνe(x) ψe(x) are the interpolating fields of the deuteron and leptonic pair, respectively.
The effective Lagrangian Eq.(2.3) defines the effective vertex of the low–energy nuclear
transition p + p → D + e+ + νe
iM(p + p→ D + e+ + νe) = GV gAMNGπNN 3gV
4π2
e∗µ(kD) [u¯(kνe)γ
µ(1− γ5)v(ke+)]
× [u¯c(p2)γ5u(p1)], (2.4)
where e∗µ(kD) is a 4–vector of a polarization of the deuteron, u(kνe), v(ke+), u(p2) and
u(p1) are the Dirac bispinors of neutrino, positron and two protons, respectively.
In order to evaluate the contribution of low–energy elastic pp scattering we have to
determine the effective vertex of the p + p→ p + p transition accounting for the Coulomb
repulsion between the protons. For this aim we suggest to use the effective local four–
nucleon interaction Eq.(2.1) and take into account the Coulomb repulsion in terms of the
explicit Coulomb wave function of the protons. This yields
Vpp→pp(k
′, k) = GπNN ψ
∗
pp(k
′ ) [u¯(p′2)γ
5uc(p′1)] [u¯
c(p2)γ
5u(p1)]ψpp(k), (2.5)
where ψpp(k) and ψ
∗
pp(k
′ ) are the explicit Coulomb wave functions of the relative move-
ment of the protons taken at zero relative radius, and k and k′ are relative 3–momenta
of the protons ~k = (~p1 − ~p2)/2 and ~k ′ = (~p ′1 − ~p ′2)/2 in the initial and final states. The
explicit form of ψpp(k) we take following Kong and Ravndal [8] (see also [19])
ψpp(k) = e
−π/4krC Γ
(
1 +
i
2krC
)
, (2.6)
where rC = 1/MNα = 28.82 fm and α = 1/137 are the Bohr radius of a proton and the
fine structure constant. The squared value of the modulo of ψpp(k) is given by
|ψpp(k)|2 = C20(k) =
π
krC
1
eπ/krC − 1
, (2.7)
where C0(k) is the Gamow penetration factor [1,2,19]. We would like to emphasize that
the wave function Eq.(2.6) is defined only by a regular solution of the Schro¨dinger equation
for the pure Coulomb potential [19].
4
By taking into account the contribution of the Coulomb wave function and summing
up an infinite series of one–proton loop diagrams the amplitude of the solar proton burning
can be written in the form
iM(p + p→ D+ e+ + νe) = GV gAMNGπNN 3gV
4π2
e∗µ(kD) [u¯(kνe)γ
µ(1− γ5)v(ke+)]F epp
× [u¯
c(p2)γ
5u(p1)]ψpp(k)
1 +
GπNN
16π2
∫
d4p
π2i
|ψpp(|~p+ ~Q |)|2tr
{
γ5
1
MN − pˆ− Pˆ − Qˆ
γ5
1
MN − pˆ− Qˆ
} . (2.8)
where P = p1 + p2 = (2
√
k2 +M2N,~0 ) is the 4–momentum of the pp–pair in the center
of mass frame; Q = aP + bK = a (p1 + p2) + b (p1 − p2) is an arbitrary shift of virtual
momentum with arbitrary parameters a and b, and in the center of mass frame K =
p1 − p2 = (0, 2~k ) [14]. The parameters a and b can be functions of k. The factor F epp
describes the overlap of the Coulomb and strong interactions [10]. It is analogous the
overlap integral in the PMA [5]. We calculate this factor below.
The evaluation of the momentum integral runs the way expounded in [14]. Keep only
leading contributions in the large NC expansion [13,14] we obtain
∫
d4p
π2i
|ψpp(|~p+ ~Q |)|2tr
{
γ5
1
MN − pˆ− Pˆ − Qˆ
γ5
1
MN − pˆ− Qˆ
}
=
= −8 a (a+ 1)M2N + 8 (b2 − a (a+ 1)) k2 − i 8πMN k |ψpp(k)|2 =
= −8 a (a+ 1)M2N + 8 (b2 − a (a+ 1)) k2 − i 8πMN k C20(k). (2.9)
Substituting Eq.(2.9) in Eq.(2.8) we get
iM(p + p→ D + e+ + νe) = GV gAMNGπNN 3gV
4π2
F epp
× e∗µ(kD) [u¯(kνe)γµ(1− γ5)v(ke+)] [u¯c(p2)γ5u(p1)] e−π/4krC Γ
(
1 +
i
2krC
)
[
1− a(a+ 1)GπNN
2π2
M2N +
GπNN
2π2
(b2 − a (a + 1)) k2 − i GπNNMN
2π
k C20 (k)
]−1
. (2.10)
In order to reconcile the contribution of low–energy elastic pp scattering with low–energy
nuclear phenomenology [19] we should make a few changes. For this aim we should rewrite
Eq.(2.10) in more convenient form
iM(p + p→ D + e+ + νe) = GV gAMNGπNN 3gV
4π2
F epp
× e∗µ(kD) [u¯(kνe)γµ(1− γ5)v(ke+)] [u¯c(p2)γ5u(p1)] eiσ0(k) C0(k)[
1− a(a+ 1)GπNN
2π2
M2N +
GπNN
2π2
(b2 − a (a + 1)) k2 − i GπNNMN
2π
k C20 (k)
]−1
. (2.11)
We have denoted
e−π/4krC Γ
(
1 +
i
2krC
)
= eiσ0(k) C0(k) , σ0(k) = arg Γ
(
1 +
i
2krC
)
, (2.12)
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where σ0(k) is a pure Coulomb phase shift.
Now, let us rewrite the denominator of the amplitude Eq.(2.11) in the equivalent form{
cosσ0(k)
[
1− a(a + 1)GπNN
2π2
M2N +
GπNN
2π2
(b2 − a (a+ 1)) k2
]
− sin σ0(k) GπNNMN
2π
k C20(k)
}
− i
{
cosσ0(k)
GπNNMN
2π
k C20 (k)
+ sin σ0(k)
[
1− a(a + 1)GπNN
2π2
M2N +
GπNN
2π2
(b2 − a (a+ 1)) k2
]}
=
=
1
Z
[
1− 1
2
aeppr
e
ppk
2 +
aepp
rC
h(2krC) + i a
e
pp k C
2
0(k)
]
, (2.13)
where we have denoted
1
Z
[
1− 1
2
aeppr
e
ppk
2 +
aepp
rC
h(2krC)
]
= − sin σ0(k) GπNNMN
2π
k C20(k)
+ cosσ0(k)
[
1− a(a + 1)GπNN
2π2
M2N +
GπNN
2π2
(b2 − a (a+ 1)) k2
]
,
− 1
Z
aepp k C
2
0(k) = cos σ0(k)
GπNNMN
2π
k C20(k)
+ sin σ0(k)
[
1− a(a + 1)GπNN
2π2
M2N +
GπNN
2π2
(b2 − a (a+ 1)) k2
]
. (2.14)
Here Z is a constant which will be removed the renormalization of the wave functions
of the protons, aepp = (−7.8196 ± 0.0026) fm and repp = 2.790 ± 0.014 fm [20] are the S–
wave scattering length and the effective range of pp scattering in the 1S0–state with the
Coulomb repulsion, and h(2krC) is defined by [19]
h(2krC) = −γ + ℓn(2krC) +
∞∑
n=1
1
n(1 + 4n2k2r2C)
. (2.15)
The validity of the relations Eq.(2.14) assumes the dependence of parameters a and b on
the relative momentum k.
After the changes Eq.(2.11)–Eq.(2.14) the amplitude Eq.(2.10) takes the form
iM(p + p→ D+ e+ + νe) = GV gAMNGπNN 3gV
4π2
e∗µ(kD) [u¯(kνe)γ
µ(1− γ5)v(ke+)]F epp
× C0(k)
1− 1
2
aeppr
e
ppk
2 +
aepp
rC
h(2krC) + i a
e
pp k C
2
0 (k)
Z [u¯c(p2)γ
5u(p1)]. (2.16)
Following [14] and renormalizing the wave functions of the protons
√
Zu(p2)→ u(p2) and√
Zu(p1)→ u(p1) we obtain the amplitude of the solar proton burning
iM(p + p→ D+ e+ + νe) = GV gAMNGπNN 3gV
4π2
e∗µ(kD) [u¯(kνe)γ
µ(1− γ5)v(ke+)]F epp
× C0(k)
1− 1
2
aeppr
e
ppk
2 +
aepp
rC
h(2krC) + i a
e
pp k C
2
0 (k)
[u¯c(p2)γ
5u(p1)]FD(k
2), (2.17)
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where we have introduced too an universal form factor [14]
FD(k
2) =
1
1 + r2Dk
2
(2.18)
describing a spatial smearing of the deuteron coupled to the NN system in the 1S0–state at
low energies; rD = 1/
√
εDMN = 4.315 fm is the radius of the deuteron and εD = 2.225MeV
is the binding energy of the deuteron.
The real part of the denominator of the amplitude Eq.(2.17) is in complete agreement
with a phenomenological relation [19]
ctgδepp(k) =
1
C20 (k) k
[
− 1
aepp
+
1
2
reppk
2 − 1
rC
h(2krC)
]
, (2.19)
describing the phase shift δepp(k) of low–energy elastic pp scattering in terms of the S–
wave scattering length aepp and the effective range r
e
pp. As has been pointed out [19] the
expansion Eq.(2.19) is valid up to Tpp ≤ 10MeV, where Tpp = k2/MN is a kinetic energy
of the relative movement of the protons.
Thus, we argue that the contribution of low–energy elastic pp scattering to the am-
plitude of the solar proton burning is described in agreement with low–energy nuclear
phenomenology in terms of the S–wave scattering length aepp and the effective range r
e
pp
taken from the experimental data [20]. This takes away the problem pointed out by Bah-
call and Kamionkowski [17] that in the RFMD with the local four–nucleon interaction
given by Eq.(2.1) one cannot describe low–energy elastic pp scattering with the Coulomb
repulsion in agreement with low–energy nuclear phenomenology.
Now let us proceed to the evaluation of F epp. For this aim we should write down the
matrix element of the transition p + p → D + e+ + νe with the Coulomb repulsion. The
required matrix element has been derived in Refs.[11,14] and reads
iMC(p + p→ D + e+ + νe) =
= GV gAMNGπNN
3gV
4π2
C0(k) [u¯(kνe)γ
µ(1− γ5)v(ke+)] e∗µ(kD)
×{−[u¯c(p2)γαγ5u(p1)]J αµνC (kD, kℓ)− [u¯c(p2)γ5u(p1)]J µνC (kD, kℓ)}, (2.20)
where kD and kℓ are 4–momenta of the deuteron and the leptonic pair, respectively. The
structure functions J αµν(kD, kℓ) and J µν(kD, kℓ) are determined by [11,14]
J αµνC (kD, kℓ) =
∫ d4p
π2i
e−π/4|~q |rC Γ
(
1− i
2|~q |rC
)
× tr
{
γαγ5
1
MN − pˆ+ kˆD
γµ
1
MN − pˆγ
νγ5
1
MN − pˆ− kˆℓ
}
,
J µνC (kD, kℓ) =
∫
d4p
π2i
e−π/4|~q |rC Γ
(
1− i
2|~q |rC
)
× tr
{
γ5
1
MN − pˆ + kˆD
γµ
1
MN − pˆγ
νγ5
1
MN − pˆ− kˆℓ
}
, (2.21)
where ~q = ~p+ (~kℓ − ~kD)/2.
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For the subsequent analysis it is convenient to represent the structure functions in the
form of two terms
J αµνC (kD, kℓ) = J αµνSS (kD, kℓ) + J αµνSC (kD, kℓ),
J µνC (kD, kℓ) = J µνSS (kD, kℓ) + J µνSC(kD, kℓ). (2.22)
The decomposition is caused by the change
e−π/4|~q |rC Γ
(
1− i
2|~q |rC
)
= 1 +
[
e−π/4|~q |rC Γ
(
1− i
2|~q |rC
)
− 1
]
, (2.23)
where the first term gives the contribution to the SS part of the structure functions
defined by strong interactions only, while the second one vanishes at rC →∞ ( or α→ 0)
and describes the contribution to the SC part of the structure functions caused by both
strong and Coulomb interactions.
The procedure of the evaluation of the structure functions Eq.(2.21) and Eq.(2.22)
has been described in detail in Ref.[11,14]. Following this procedure we obtain F epp in the
form
F epp =
= 1 +
32
9
∞∫
0
dp p2
[
e−π/4prC Γ
(
1− i
2prC
)
− 1
][
M2N
(M2N + p
2)5/2
− 7
16
1
(M2N + p
2)3/2
]
= 1 +
32
9
∞∫
0
dv v2
[
e−απ/4v Γ
(
1− iα
2v
)
− 1
][
1
(1 + v2)5/2
− 7
16
1
(1 + v2)3/2
]
. (2.24)
The integral can be estimated perturbatively. The result reads
F epp = 1 + α
(
5π
54
− i 5γ
27
)
+O(α2). (2.25)
The numerical value of |F epp|2 is
|F epp|2 = 1 + α
5π
27
+O(α2) = 1 + (4.25× 10−3) ≃ 1. (2.26)
The contribution of the Coulomb field Eq.(2.26) inside the one–nucleon loop diagrams is
found small. This is because of the integrals are concentrated around virtual momenta
of order of MN which is of order MN ∼ NC in the large NC expansion [12]. For the
calculation of the astrophysical factor Spp(0) we can set F epp = 1.
3 Astrophysical factor for solar proton burning
The amplitude Eq.(2.17) squared, averaged over polarizations of protons and summed
over polarizations of final particles reads
|M(p + p→ D + e+ + νe)|2 = G2Vg2AM4NG2πNN
9QD
8π2
F 2D(k
2)
8
× C
2
0(k)[
1− 1
2
aeppr
e
ppk
2 +
aepp
rC
h(2krC)
]2
+ (aepp)
2k2C40(k)
(
− gαβ + k
α
Dk
β
D
M2D
)
×tr{(−me + kˆe+)γα(1− γ5)kˆνeγβ(1− γ5)} ×
1
4
× tr{(MN − pˆ2)γ5(MN + pˆ1)γ5}, (3.1)
where me = 0.511MeV is the positron mass, and we have used the relation g
2
V =
2 π2QDM
2
N.
In the low–energy limit the computation of the traces yields
(
− gαβ + k
α
Dk
β
D
M2D
)
× tr{(−me + kˆe+)γα(1− γ5)kˆνeγβ(1− γ5)} =
= 24
(
Ee+Eνe −
1
3
~ke+ · ~kνe
)
,
1
4
× tr{(MN − pˆ2)γ5(MN + pˆ1)γ5} = 2M2N, (3.2)
where we have neglected the relative kinetic energy of the protons with respect to the
mass of the proton.
Substituting Eq. (3.2) in Eq. (3.1) we get
|M(p + p→ D + e+ + νe)|2 = G2V g2AM6NG2πNN
54QD
π2
F 2D(k
2)
× C
2
0(k)[
1− 1
2
aeppr
e
ppk
2 +
aepp
rC
h(2krC)
]2
+ (aepp)
2k2C40 (k)
(
Ee+Eνe −
1
3
~ke+ · ~kνe
)
. (3.3)
The integration over the phase volume of the final De+νe–state we perform in the non–
relativistic limit
∫
d3kD
(2π)32ED
d3ke+
(2π)32Ee+
d3kνe
(2π)32Eνe
(2π)4 δ(4)(kD + kℓ − p1 − p2)
(
Ee+Eνe −
1
3
~ke+ · ~kνe
)
=
1
32π3MN
∫ W+Tpp
me
√
E2e+ −m2e Ee+(W + Tpp − Ee+)2 dEe+ =
(W + Tpp)
5
960π3MN
f(ξ), (3.4)
where W = εD− (Mn−Mp) = (2.225− 1.293)MeV = 0.932MeV and ξ = me/(W + Tpp).
The function f(ξ) is defined by the integral
f(ξ) = 30
∫ 1
ξ
√
x2 − ξ2 x (1− x)2dx = (1− 9
2
ξ2 − 4 ξ4)
√
1− ξ2
+
15
2
ξ4 ℓn
(
1 +
√
1− ξ2
ξ
)∣∣∣∣∣
Tpp=0
= 0.222 (3.5)
and normalized to unity at ξ = 0.
Thus, the cross section for the solar proton burning is given by
σpp(Tpp) =
e
−π/rC
√
MNTpp
v2
α
9g2AG
2
VQDM
3
N
320 π4
G2πNN (W + Tpp)
5 f
(
me
W + Tpp
)
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× F
2
D(MNTpp)[
1− 1
2
aeppr
e
ppMNTpp +
aepp
rC
h(2rC
√
MNTpp)
]2
+ (aepp)
2MNTppC
4
0 (
√
MNTpp)
=
=
Spp(Tpp)
Tpp
e
−π/rC
√
MNTpp . (3.6)
The astrophysical factor Spp(Tpp) reads
Spp(Tpp) = α
9g2AG
2
VQDM
4
N
1280π4
G2πNN (W + Tpp)
5 f
(
me
W + Tpp
)
× F
2
D(MNTpp)[
1− 1
2
aeppr
e
ppMNTpp +
aepp
rC
h(2rC
√
MNTpp)
]2
+ (aepp)
2MNTppC
4
0 (
√
MNTpp)
. (3.7)
At zero kinetic energy of the relative movement of the protons Tpp = 0 the astrophysical
factor Spp(0) is given by
Spp(0) = α
9g2AG
2
VQDM
4
N
1280π4
G2πNNW
5 f
(
me
W
)
= 4.08 × 10−25MeVb. (3.8)
The value Spp(0) = 4.08×10−25MeV b agrees good with the recommended value Spp(0) =
4.00 × 10−25MeV b [4]. Insignificant disagreement with the result obtained in Ref.[11]
where we have found Spp(0) = 4.02× 10−25MeV b is due to the new value of the constant
gA = 1.260→ 1.267 [18] (see Ref.[13]).
Unlike the astrophysical factor obtained by Kamionkowski and Bahcall [5] the astro-
physical factor given by Eq.(3.8) does not depend explicitly on the S–wave scattering wave
of pp scattering. This is due to the normalization of the wave function of the relative
movement of two protons. After the summation of an infinite series and by using the
relation Eq.(2.19) we obtain the wave function of two protons in the form
ψpp(k) = e
i δ epp(k)
sin δ epp(k)
−aeppkC0(k)
, (3.9)
that corresponds the normalization of the wave function of the relative movement of two
protons used by Schiavilla et al. [6]. For the more detailed discussion of this problem we
relegate readers to the paper by Schiavilla et al. [6]1.
Unfortunately, the value of the astrophysical factor Spp(0) = 4.08× 10−25MeV b does
not confirm the enhancement by a factor of 1.4 obtained in the modified version of the
RFMD in Ref.[14].
4 Neutrino disintegration of the deuteron induced by
charged weak current
The evaluation of the amplitude of the process νe + D → e− + p + p has been given in
details in Ref. [10]. The result can be written in the following form
iM(p + p→ D + e+ + νe) = gAMNGV√
2
3gV
2π2
GπNN e
∗
µ(kD) [u¯(ke−)γ
µ(1− γ5)u(kνe)]F eppe−
1See the last paragraph of Sect. 3 and the first paragraph of Sect. 5 of Ref.[6].
10
× C0(k)
1− 1
2
aeppr
e
ppk
2 +
aepp
rC
h(2krC) + i a
e
pp k C
2
0(k)
[u¯c(p2)γ
5u(p1)]FD(k
2), (4.1)
where F eppe− is the overlap factor which we evaluate below, and FD(k2) is the universal
form factor Eq.(2.17) describing a spatial smearing of the deuteron [14].
The amplitude Eq.(4.1) squared, averaged over polarizations of the deuteron and
summed over polarizations of the final particles reads
|M(νe +D→ e− + p + p)|2 = g2AM6N
144G2VQD
π2
G2πNN |F eppe−|2 F 2D(k2)F (Z,Ee−)
× C
2
0(k)[
1− 1
2
aeppr
e
ppk
2 +
aepp
rC
h(2krC)
]2
+ (aepp)
2k2C40(k)
(
Ee−Eνe −
1
3
~ke− · ~kνe
)
, (4.2)
where F (Z,Ee− is the Fermi function [21] describing the Coulomb interaction of the
electron with the nuclear system having a charge Z. In the case of the reaction νe + D
→ e+ + p + p we have Z = 2. At α2Z2 ≪ 1 the Fermi function F (Z,Ee−) reads [21]
F (Z,Ee−) =
2πηe−
1− e−2πηe−
, (4.3)
where ηe− = Zα/ve− = ZαEe−/
√
E2e− −m2e− and ve− is a velocity of the electron.
The r.h.s. of Eq.(4.2) can be expressed in terms of the astrophysical factor Spp(0) for
the solar proton burning brought up to the form
|M(νe +D→ e− + p + p)|2 = Spp(0) 2
125π2
ΩDe+νe
rCM
3
N
m5e
|F eppe−|2
|F epp|2
F 2D(k
2)F (Z,Ee−)
× C
2
0 (k)[
1− 1
2
aeppr
e
ppk
2 +
aepp
rC
h(2krC)
]2
+ (aepp)
2k2C40 (k)
(
Ee−Eνe −
1
3
~ke− · ~kνe
)
. (4.4)
We have used here the expression for the astrophysical factor
Spp(0) =
9g2AG
2
VQDM
3
N
1280π4rC
G2πNN |F epp|2m5e ΩDe+νe, (4.5)
where me = 0.511MeV is the electron mass, and ΩDe+νe = (W/me)
5f(me/W ) = 4.481 at
W = 0.932MeV. The function f(me/W ) is defined by Eq.(3.5).
In the rest frame of the deuteron the cross section for the process νe + D → e− + p
+ p is defined as
σνeDcc (Eνe) =
1
4MDEνe
∫
|M(νe +D→ e− + p + p)|2
1
2
(2π)4 δ(4)(kD + kνe − p1 − p2 − ke−)
d3p1
(2π)32E1
d3p2
(2π)32E2
d3ke−
(2π)32Ee−
, (4.6)
where Eνe, E1, E2 and Ee− are the energies of the neutrino, the protons and the electron.
The abbreviation (cc) means the charged current. The integration over the phase volume
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of the (ppe−)–state we perform in the non–relativistic limit and in the rest frame of the
deuteron,
1
2
∫
d3p1
(2π)32E1
d3p2
(2π)32E2
d3ke
(2π)32Ee−
(2π)4 δ(4)(kD + kνe − p1 − p2 − ke−)
C20(
√
MNTpp)F
2
D(MNTpp)F (Z,Ee−)[
1− 1
2
aeppr
e
ppMNTpp +
aepp
rC
h(2rC
√
MNTpp)
]2
+ (aepp)
2MNTppC
4
0(
√
MNTpp)
(
Ee−Eνe −
1
3
~ke− · ~kνe
)
=
Eν¯eM
3
N
128π3
(
Eth
MN
)7/2(
2me
Eth
)3/2
1
E2th∫∫
dTe−dTppδ(Eνe − Eth − Te− − Tpp)
√
Te−Tpp
(
1 +
Te−
me
)√
1 +
Te−
2me
C20(
√
MNTpp)F
2
D(MNTpp)F (Z,Ee−)[
1− 1
2
aeppr
e
ppMNTpp +
aepp
rC
h(2rC
√
MNTpp)
]2
+ (aepp)
2MNTppC
4
0(
√
MNTpp)
=
EνeM
3
N
128π3
(
Eth
MN
)7/2(
2me
Eth
)3/2
(y − 1)2Ωppe−(y), (4.7)
where Te− is the kinetic energy of the electron, Eth is the neutrino energy threshold of
the reaction νe + D → e− + p + p, and is given by Eth = εD + me − (Mn − Mp) =
(2.225 + 0.511− 1.293)MeV = 1.443MeV. The function Ωppe−(y), where y = Eνe/Eth, is
defined as
Ωppe−(y) =
1∫
0
dx
√
x(1 − x)
(
1 +
Eth
me
(y − 1)(1− x)
)√
1 +
Eth
2me
(y − 1)(1− x)
C20(
√
MNEth (y − 1) x)F 2D(MNEth (y − 1) x)F (Z,me + Eth(y − 1) (1− x)){[
1− 1
2
aeppr
e
ppMNEth (y − 1) x+
aepp
rC
h(2rC
√
MNEth (y − 1) x)
]2
+(aepp)
2MNEth (y − 1) xC40(
√
MNEth (y − 1) x)
}−1
, (4.8)
where we have changed the variable Tpp = (Eνe −Eth) x.
The cross section for νe + D → e− + p + p is defined
σνeDcc (Eνe) = Spp(0)
640rC
πΩDe+νe
(
MN
Eth
)3/2(
Eth
2me
)7/2 |F eppe−|2
|F epp|2
(y − 1)2Ωppe−(y) =
= 3.69× 105 Spp(0)
|F eppe−|2
|F epp|2
(y − 1)2Ωppe−(y), (4.9)
where Spp(0) is measured in MeV cm
2. For Spp(0) = 4.08 × 10−49MeV cm2 Eq.(3.8) the
cross section σνeDcc (Eνe) reads
σνeDcc (Eνe) = 1.50
|F eppe−|2
|F epp|2
(y − 1)2Ωppe−(y) 10−43 cm2. (4.10)
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In order to make numerical predictions for the cross section Eq.(4.10) we should evaluate
the overlap factor F eppe− . This evaluation can be carried out in analogy with the evaluation
of F epp. By using the results obtained in Ref.[10] we get
F eppe− = 1 +
32
9
∞∫
0
dv v2
[
e−απ/4v Γ
(
1− iα
2v
)
− 1
][
1
(1 + v2)5/2
− 1
16
1
(1 + v2)3/2
]
. (4.11)
The perturbative evaluation of the integral gives
F eppe− = 1− α
(
13π
54
− i 13γ
27
)
+O(α2). (4.12)
Thus, the overlap factor F eppe− differs slightly from unity as well as the overlap factor F epp
of the solar proton burning. The ratio of the overlap factors is equal to
|F eppe−|2
|F epp|2
= 1− α 2π
3
+O(α2) = 1 + (−1.53× 10−2) ≃ 1. (4.13)
Setting |F eppe−|2/|F epp|2 = 1 we can make numerical predictions for the cross section
Eq.(4.10) and compare them with the PMA ones.
The most recent PMA calculations the cross section for the reaction νe + D → e− +
p + p have been obtained in Refs. [22,23] and tabulated for the neutrino energies ranging
over the region from threshold up to 160MeV. Since our result is restricted by the neutrino
energies from threshold up to 10MeV, we compute the cross section only for this energy
region
σνeDcc (Eνe = 4MeV) = 2.46 (1.86/1.54)× 10−43 cm2,
σνeDcc (Eνe = 6MeV) = 9.60 (5.89/6.13)× 10−43 cm2,
σνeDcc (Eνe = 8MeV) = 2.38 (1.38/1.44)× 10−42 cm2,
σνeDcc (Eνe = 10MeV) = 4.07 (2.55/2.66)× 10−43 cm2, (4.14)
where the data in parentheses are taken from Refs. [22] and [23], respectively. Thus, on
the average our numerical values for the cross section σνeDcc (Eνe) by a factor of 1.5 are
larger compared with the PMA ones.
Our predictions for the cross section Eq.(4.14) differ from the predictions of Ref.[14].
This is related to (i) the value of the astrophysical factor which is by a factor 1.4 larger
in Ref.[14] and (ii) the form factor describing a spatial smearing of the deuteron which is
F 2D(k
2) is this paper (see Ref. [13]) and FD(k
2) in Ref.[14].
5 Astrophysical factor for pep process
In the RFMD the amplitude of the reaction p + e− + p → D + νe or the pep–process is
related to the effective Lagrangian Eq.(2.3) and reads
iM(p + e− + p→ D + νe) = GV gAMNGπNN 3gV
4π2
e∗µ(kD) [u¯(kνe)γ
µ(1− γ5)u(ke−)]F epp
× C0(k)
1− 1
2
aeppr
e
ppk
2 +
aepp
rC
h(2krC) + i a
e
pp k C
2
0 (k)
[u¯c(p2)γ
5u(p1)]FD(k
2), (5.1)
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where we have described low–energy elastic pp scattering in analogy with the solar proton
burning and the neutrino disintegration of the deuteron.
The amplitude Eq.(5.1) squared, averaged and summed over polarizations of the in-
teracting particles is defined
|M(p + e− + p→ D + νe)|2 = G2V g2AM6NG2πNN
27QD
π2
|F epp|2 F 2D(k2)F (Z,Ee−)
× C
2
0 (k)[
1− 1
2
aeppr
e
ppk
2 +
aepp
rC
h(2krC)
]2
+ (aepp)
2k2C40(k)
(
Ee+Eνe −
1
3
~ke+ · ~kνe
)
, (5.2)
where F (Z,Ee−) is the Fermi function given by Eq.(4.3).
At low energies the cross section σpep(Tpp) for the pep–process can be determined as
follows [24]
σpep(Tpp) =
1
v
1
4M2N
∫
d3ke−
(2π)32Ee−
g n(~ke−)
∫
|M(p + e− + p→ D + νe)|2
(2π)4δ(4)(kD + kνe − p1 − p2 − ke−)
d3kD
(2π)32MD
d3kνe
(2π)32Eνe
, (5.3)
where g = 2 is the number of the electron spin states and v is a relative velocity of the
protons. The electron distribution function n(~ke−) can be taken in the form [21]
n(~ke−) = e
ν¯ − Te−/kTc , (5.4)
where k = 8.617 × 10−11MeVK−1, Tc is a temperature of the core of the Sun. The
distribution function n(~ke−) is normalized by the condition
g
∫
d3ke−
(2π)3
n(~ke−) = ne− , (5.5)
where ne− is the electron number density. From the normalization condition Eq.(5.5) we
derive
eν¯ =
4 π3 ne−
(2πme kTc)
3/2
. (5.6)
The astrophysical factor Spep(0) is then defined by
Spep(0) = Spp(0)
15
2π
1
ΩDe+νe
1
m3e
(
Eth
me
)2
eν¯
∫
d3ke− e
−Te−/kTc F (Z,Ee−). (5.7)
For the ratio Spep(0)/Spp(0) we obtain
Spep(0)
Spp(0)
=
23/2π5/2
fpp(0)
(
αZne−
m3e
)(
Eth
me
)2√
me
kTc
I
(
Z
√
2me
kTc
)
. (5.8)
We have set fpp(0) = ΩDe+νe/30 = 0.149 [21] and the function I(x) having been introduced
by Bahcall and May [21] reads
I(x) =
∞∫
0
du e−u
1− e−πα x/
√
u
. (5.9)
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The relation between the astrophysical factors Spep(0) and Spp(0) given by Eq.(5.8) is in
complete agreement with that obtained by Bahcall and May [21]. The ratio Eq.(5.8) does
not depend on whether the astrophysical factor Spp(0) is enhanced with respect to the
recommended value or not.
6 Conclusion
We have shown that the contributions of low–energy elastic pp scattering in the 1S0–state
with the Coulomb repulsion to the amplitudes of the reactions p + p → D + e+ + νe,
νe + D → e− + p + p and p + e− + p → D + νe can be described in the RFMD in
full agreement with low–energy nuclear phenomenology in terms of the S–wave scattering
length and the effective range. The amplitude of low–energy elastic pp scattering has
been obtained by summing up an infinite series of one–proton loop diagrams and the
evaluation of the result of the summation in leading order in the large NC expansion.
This takes away fully the problem pointed out by Bahcall and Kamionkowski [17] that in
the RFMD with the effective local four–nucleon interaction Eq.(2.1) one cannot describe
low–energy elastic pp scattering in the 1S0–state with the Coulomb repulsion in agreement
with low–energy nuclear phenomenology.
The obtained numerical value of the astrophysical factor Spp(0) = 4.08× 10−25MeV b
agrees with the recommended value Spp(0) = 4.00 × 10−25MeV b and recent estimate
Spp(0) = 4.20× 10−25MeV b [9] obtained from the helioseismic data.
Unfortunately, the value of the astrophysical factor Spp(0) = 4.08× 10−25MeV b does
not confirm the enhancement by a factor of 1.4 obtained in the modified version of the
RFMD in Ref.[14] which is not well defined due to a violation of Lorentz invariance of the
effective four–nucleon interaction describing N + N → N + N transitions. This violation
has turned out to be incompatible with a dominance of one–nucleon loop anomalies which
are Lorentz covariant.
The cross section for the neutrino disintegration of the deuteron has been evaluated
with respect to Spp(0). We have obtained an enhancement of the cross section by a
factor of order 1.5 on the average for neutrino energies Eνe varying from threshold to
Eνe ≤ 10MeV. It would be important to verify our results for the reaction νe + D → e−
+ p + p in solar neutrino experiments planned by SNO. In fact, first, this should provide
an experimental study of Spp(0) and, second, the cross sections for the anti–neutrino
disintegration of the deuteron caused by charged ν¯e + D → e+ + n + n and neutral
ν¯e + D → ν¯e + n + p weak currents have been found in good agreement with recent
experimental data obtained by the Reines’s experimental group [26].
The evaluation of the astrophysical factor Spep(0) for the reaction p + e
− + p → D
+ νe or pep–process in the RFMD has shown that the ratio Spep(0)/Spp(0), first, agrees
fully with the result obtained by Bahcall and May [21] and, second, does not depend on
whether Spp(0) is enhanced with respect to the recommended value or not.
Concluding the paper we would like to emphasize that our model, the RFMD, con-
veys the idea of a dominant role of one–fermion loop (one–nucleon loop) anomalies from
elementary particle physics to the nuclear one. This is a new approach to the description
of low–energy nuclear forces in physics of finite nuclei. In spite of almost 30 year’s history
after the discovery of one–fermion loop anomalies and application of these anomalies to
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the evaluation of effective Lagrangians of low–energy interactions of hadrons, in nuclear
physics fermion–loop anomalies have not been applied to the analysis of low–energy nu-
clear interactions and properties of nuclei. However, an important role of NN¯ fluctuations
for the correct description of low–energy properties of finite nuclei has been understood
in Ref.[16]. Moreover, NN¯ fluctuations have been described in terms of one–nucleon loop
diagrams within quantum field theoretic approaches, but the contributions of one–nucleon
loop anomalies have not been considered in the papers of Ref.[16].
The RFMD strives to fill this blank. Within the framework of the RFMD we aim
to understand, in principle, the possibility of the description of strong low-energy nu-
clear forces in terms of one–nucleon loop anomalies. Of course, our results should be
quantitatively compared with the experimental data and other theoretical approaches.
Nevertheless, at the present level of the development of our model one cannot demand at
once to describe, for example, the astrophysical factor Spp(0) with accuracy better than
it has been carried out by Schiavilla et al. [6], where only corrections not greater than
1% are allowed. It is not important for our approach at present. What is much more
important is in the possibility to describe without free parameters in quantitative agree-
ment with both the experimental data and other theoretical approaches all multitude of
low–energy nuclear reactions of the deuteron coupled to nucleons and other particles. In
Ref.[13] we have outlined the procedure of the evaluation of chiral meson–loop corrections
in the RFMD. The absence of free parameters in the RFMD gives the possibility to value
not only the role of these corrections but also the corrections of other kind mentioned
recently by Vogel and Beacom [25].
The justification of the RFMD within QCD and large NC expansion [12] implies that
one–nucleon loop anomalies might be natural objects for the understanding of low-energy
nuclear forces. The real accuracy of the approach should be found out for the process of
the development.
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